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Abstract  Superparamagnetic iron oxide nanoparticles (SPIONs) are widely used for biological applications 
due to their unique properties compared to their bulk counterparts, simplified SPIONs stabilization protocols 
applicable for a wide spectra of biological media remains a challenging issue. In this work, SPIONs with 
different surface coatings, tetramethylammonium hydroxide coated SPIONs (T-SPIONs) and citrate coated 
SPIONs (C-SPIONs), were synthesized by a facile, rapid and cost effective microwave assisted method. C-
SPIONs show robust stability in biological media of PBS and RPMI, while destabilize in DMEM. T-SPIONs 
were found to aggregate rapidly and significantly in all tested media. Then, a modified pH adjusted-BSA 
adsorption protocol and an addition of excess trisodium citrate dihydrate (Na3Cit) were used to enhance their 
stability in the media. The BSA adsorption protocol showed great efficiency in stabilizing the dispersed state of 
both SPIONs in the tested media, while the addition of excess Na3Cit showed limit effect, and it was only 
applicable for C-SPIONs. The formed BSA layer on SPIONs could be imaged by negative staining TEM, and 
revealed by Cryo-TEM, FTIR, DLS and the zeta potential measurements. Results indicated that BSA forms a 
monolayer of a thickness of about 3 ± 1 nm and BSA interacts with C-SPIONs and T-SPIONs through the 
coating of the SPIONs, rather than by replacing them and interacting directly with the SPIONs surface. This 
synthetic method and stabilization protocol offer a general methodology to obtain SPIONs with a variety of 
surfactants, stable in different biological media in few minutes. 
Keywords  Microwave synthesis, iron oxide nanoparticles, biological media, stability, bovine serum albumin, 
citrate 
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Abbreviations 
BSA                            Bovine serum albumin 
BSA- T-SPIONs         T-SPIONs after BSA adsorption  
BSA- C-SPIONs         C-SPIONs after BSA adsorption  
C-SPIONs                  Superparamagnetic iron oxide nanoparticles coated with Na3Cit 
DMEM                       Dulbecco’s Modified Eagle’s Medium   
DMEM- Na3Cit          DMEM with 10 mM Na3Cit 
DMEM-FBS               DMEM with 10% FBS 
DMEM-FBS- Na3Cit  DMEM with 10% FBS and 10 mM Na3Cit 
FBS                             Fetal Bovine Serum 
Na3Cit                         Trisodium citrate dihydrate 
PBS                             Phosphate buffered saline 
PBS- Na3Cit                PBS with 10 mM Na3Cit 
RPMI                          Roswell Park Memorial Institute Medium 
RPMI- Na3Cit             RPMI with 10 mM Na3Cit 
RPMI-FBS                  RPMI with 10% FBS 
RPMI-FBS- Na3Cit     RPMI with 10% FBS and 10 mM Na3Cit 
SPIONs                      Superparamagnetic iron oxide nanoparticles 
TMAOH                    Tetramethylammonium hydroxide 
T-SPIONs                  Superparamagnetic iron oxide nanoparticles coated with TMAOH 
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Introduction 
In recent years, the rapid development of modern nanotechnology emerged various nanoparticles (NPs) for 
biomedical applications. Among these NPs, superparamagnetic iron oxide NPs (SPIONs) are extensively 
investigated. Besides the properties of ultra-small size and high surface area to volume ratio, their unique 
magnetic properties, particular surface reactivity and excellent biocompatibility have paved the way for 
SPIONs to be effectively applied in biomedicine. Some of their biomedical applications are drug and gene 
delivery, hyperthermia therapy, magnetic resonance imaging and cell separation(Grief and Richardson 2005; 
McBain et al. 2008; Hergt and Dutz 2007; Carenza et al. 2014a; Gupta and Gupta 2005; Pamme and Wilhelm 
2006; Levy et al. 2011; Di Corato et al. 2009; Figuerola et al. 2008; Corti et al. 2008b). 
To date, many methods have been developed to synthesize SPIONs, including co-precipitation (Wei et al. 
2011), thermal decomposition (Sun and Zeng 2002), microemulsion(Deng et al. 2003), and microwave assisted 
synthesis (Baghbanzadeh et al. 2011). Co-precipitation method is generally easy and affords high yields, but the 
reported SPIONs are rather polydisperse and their crystallinity is poor (Lu et al. 2007). Although both 
polydispersity and crystallinity can be improved by thermal decomposition, SPIONs synthesized by this 
method are usually hydrophobic and sometimes with a toxic surface coating which hampers their applications 
in bio-related fields. The yield in microemulsion method is the lowest compared to other methods, and also it 
requires large amount of solvents, which indicates it is a poor efficient method (Lu et al. 2007). Recently, 
microwave assisted synthesis has therefore become the interest of many researchers due to its rather simple 
synthetic process, homogeneity of the temperature and high yields within short time. Moreover, SPIONs 
synthesized by this method usually show a high saturation magnetization value and low surface reactivity. 
(Pascu et al. 2012).  
Biomedical applications of SPIONs, or NPs in general, involve inevitably the contact with biological fluids, 
which are media with high ionic strength and/or various biomolecules. One main issue that researchers face is 
the stability of NPs in those complex biological media. Due to the interaction with the biological media, NPs 
tend to destabilize and undergo to aggregation processes, leading to the significant increase in their 
hydrodynamic size, as well as changes in NPs surface properties in terms of shape, surface area and charge. 
(Pratten and Lloyd 1986; Sager et al. 2007; Ji et al. 2010; Metin et al. 2011; Safi et al. 2010). Recent studies 
also evidenced that some biological responses greatly depend on the behavior of NPs in the biological media, 
the change in NPs hydrodynamic size probably influence their final bio-distribution and trigger desirable or 
deleterious biological responses. (Safi et al. 2010; Safi et al. 2011; Petri-Fink et al. 2008; Butoescu et al. 2009; 
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Kah et al. 2012; Carenza et al. 2014b). Moreover, this aggregation and sedimentation in biological conditions 
could possibly affect the in vitro and in vivo toxicity assessments of NPs, and introduce problems of 
irreproducibility, difficulty interpreting the toxicity results, inaccurate determination of the dose for potential 
treatments and the reduced diagnostic efficiency (Petri-Fink et al. 2008; Butoescu et al. 2009). For these 
reasons, improving the stability of NPs in biologically relevant environments and establishing generalized 
protocols are of great importance and a major challenge. 
In the last decades, many efforts were made to ensure stable NPs dispersions for in vitro or in vivo 
applications. A common used strategy to stabilize them is the functionalization of their surface using polymers 
or surfactants. Polyethylenimine (PEI), for example, as reported in many researches, is a well-known polymer 
that stabilizes efficiently NPs (Corti et al. 2008a; Hoskins et al. 2012), as well as polyethylene glycol (PEG), 
chitosan, dextran, citrate are other examples. (Kim et al. 2001; Janes et al. 2001; Liu et al. 2011; Safi et al. 
2011). The choice of surfactant undoubtedly needs to be carefully evaluated to avoid any potential toxicity to 
cells and interference in the interpretation of NPs´ cytotoxicity. (Ji et al. 2010; Kircheis et al. 2001). Moreover, 
in many cases, functionalization of NPs is not sufficient for their biological application purpose; the resulting 
NPs are stable in biological relevant media only for few hours. Wiogo et al. (Wiogo et al. 2012) showed that 
although the surface of SPIONs were modified by polymethacrylic acid, polyethylenimine, and branched 
oligoethylenimine, they aggregated and precipitated in biological media, despite the highly positively or highly 
negatively charged surface of the SPIONs.  
Bovine serum albumin (BSA) is the most abundant protein in serum and one of the most important 
components in biological culture media. It has been reported as an efficient stabilizing agent to keep the 
dispersing state of several types of NPs in biological media, including gold NPs (Brewer et al. 2005; 
Dominguez-Medina et al. 2013), carbon nanotube (Porter et al. 2008), and titanium dioxide (Ji et al. 2010). 
Recently, a pH adjustment protocol was proposed by Guiot (Guiot and Spalla 2012) to stabilize TiO2-NPs with 
different surface coatings in biological media, where the pH of TiO2-NPs was first adjusted before adsorption of 
bovine serum albumin. As a result, the protocol showed robust ability in stabilizing TiO2-NPs in LB media 
(Lysogeny broth media, which is primarily used for the growth of bacteria). Meanwhile, other works 
demonstrated that addition of excess trisodium citrate (Na3Cit), one of the widely used additive in food and 
drug industry, into biological media could also stabilize SPIONs dispersions (Euliss et al. 2003; Luciani et al. 
2009). These findings provide novel ways of further enhancing the dispersion stability of SPIONs in complex 
biological media.  
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In the present work, water-dispersable tetramethylammonium hydroxide (TMAOH) coated SPIONs (T-
SPIONs) and citrate coated SPIONs (C-SPIONs) were synthesized in a facile, rapid, cost-effective and 
energetically favorable manner using microwave assisted method (MW). To the best of our knowledge, C-
SPIONs were the first time synthesized by this method. The obtained T-SPIONs and C-SPIONs were stabilized 
by adding BSA on their surface, which significantly enhanced their stability, with no aggregation phenomenon 
detected in 24h. Such stabilization protocol offers a fast and facile general methodology to obtain stable 
SPIONs in different biological media. 
 
Materials and Methods 
Materials  
Iron (III) acetylacetonate (Fe(acac)3, ≥ 97.0%), tetramethylammonium hydroxide (TMAOH, 25 wt. % in H2O), 
trisodium citrate dihydrate (Na3Cit), bovine serum albumin (BSA, ≥ 98%) and phosphate buffered saline (PBS, 
1×) were purchased from Sigma-Aldrich. Roswell Park Memorial Institute medium (RPMI), Dulbecco’s 
Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS) were obtained from Invitrogen. Benzyl alcohol 
was obtained from Scharlau. Acetone was bought from Panreac. If not stated otherwise, all materials were used 
as received. 
Microwave (MW) assisted synthesis of SPIONs 
MW-assisted method was used to synthesize pristine SPIONs in a CEM Discover reactor (Explorer 12-Hybrid) 
at a frequency of 2.45 GHz and 300 W. The synthesis process is slightly modified from Pascu et al. (Pascu et al. 
2012). Briefly, 0.35 mmol Fe(acac)3 were dissolved completely in 4.5 mL anhydrous benzyl alcohol in a special 
MW-tube and vortexed for 30 seconds. Reaction tubes were transferred to the microwave reactor, the heating 
ramp was 5 min at 60ºC and 10 min reaction at 180ºC, and further cooled down to 50ºC in 3 min using 
compressed nitrogen.  
Synthesis of T-SPIONs 
20 µL 25 wt. % TMAOH was added to each MW-tube and sonicated for 1min. Then the solution of SPIONs is 
divided into 2 equal parts in 50 ml centrifugal tubes. Each tube was filled with acetone and centrifuged at 6000 
rpm for 30 min. After removing the supernatant, 20 µL 25 wt. % TMAOH was added to each tube and 
sonicated for 1min, SPIONs were then washed and centrifuged three times. Collected SPIONs pellets were 
dried completely in a 60ºC oven overnight, and redispersed in 2 ml MQ H2O containing 10 µL 25 wt. % 
TMAOH; pH of the obtained T- SPIONs colloidal dispersion was about 11. 
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Synthesis of C-SPIONs 
150 µL 10 wt.% Na3Cit was added to each reaction MW-tube and sonicated for 1min. Then, the solution of 
SPIONs is divided into 2 equal parts in separate 50 ml centrifugal tubes. Each centrifugal tube was filled up to 
50 ml with acetone to wash the SPIONs and the tubes were then subjected to centrifugation at 6000 rpm for 30 
min. After removing the supernatant, 150 µL 10 wt.% Na3Cit was added to each centrifugal tube and sonicated 
for 1min. SPIONs were washed and centrifuged again under the same conditions. Collected SPIONs pellets 
were dried completely in a 60ºC oven overnight, and redispersed in 2 ml MQ H2O; pH of the obtained C- 
SPIONs colloidal dispersion was about 8.3. 
Modified pH adjusted and BSA adsorption protocol 
A modified pH adjusted and BSA adsorption protocol based on Guiot et al was used (Guiot and Spalla 2012). 
Briefly, synthesized C-SPIONs and T-SPIONs were diluted to 2 mg/mL SPIONs dispersions in MQ H2O. BSA 
solutions with a concentration of 0.5 w/v %, 1 w/v %, 2 w/v %, 5 w/v %, 10 w/v % and 15 w/v % were also 
prepared in MQ H2O. For C-SPIONs, the pH of C-SPIONs was first adjusted to 11 by adding 0.01 M NaOH, 
and then equal volumes of 2 mg/mL C-SPIONs dispersion and BSA solution were mixed rapidly and stirred on 
a vortex for 10 min. Finally, pH of the mixture was adjusted to 7.4 (physiological pH value) by adding 0.05 
mM HNO3 solution. As a result, 1 mg/mL BSA-C-SPIONs dispersion was obtained. The stability of the 
SPIONs dispersions after BSA addition was evaluated by dynamic light scattering (DLS) and Cryo 
transmission electron microscopy (Cryo-TEM). 
For T-SPIONs, since the pH of T-SPIONs was already 11, we directly mixed equal volume of 2 mg/mL T-
SPIONs dispersion and BSA solution and incubated for 10min, then pH of the mixture was adjusted to 7.4. As a 
result, 1 mg/mL BSA-T-SPIONs dispersion was obtained. 
Stability of the obtained BSA-T-SPIONs and BSA-C-SPIONs dispersions in biological media 
50 µL of 1mg/mL BSA-T-SPIONs or BSA-C-SPIONs were added to 0.95 mL biological media, mixed and 
vortexed, then diluted BSA-C-SPIONs or BSA-T-SPIONs dispersions in biological media at a SPIONs 
concentration at 50µg/ml were obtained. Dynamic light scattering was used to monitor the stability of the 
prepared BSA-T-SPIONs and BSA-C-SPIONs dispersions in biological media during the period of 24h. It is 
noteworthy that the tested period of stability of BSA-T-SPIONs and BSA-C-SPIONs, as well as T-SPIONs and 
C-SPIONs in biological media was set at 24h, because in vitro toxicity assessment of NPs, in general, reports an 
incubation time of NPs with cells up to 24h (Soenen et al. 2011).  
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Characterization 
DLS measurements 
DLS measurements were performed to monitor the changes of SPIONs in the hydrodynamic diameter (Dh), 
polydispersity Index (PDI) and diffusion coefficient, which are all relative to the stability of SPIONs 
dispersions over time. 
Dh of the C-SPIONs and T-SPIONs were determined by using a Zetasizer Nano ZS (Malvern) device with a 
He/Ne 633 nm laser at 25oC and at a SPIONs concentration of 50 µg/mL. For each sample, 3 independent 
measurements were performed with 15 scans for each measurement.  
Zeta potential measurements 
Zeta potential was carried out to determine the changes of SPIONs in electrophoretic mobility (EPM) and zeta 
potential (ζ) on a Zetasizer Nano ZS (Malvern) apparatus with a zeta potential analyzer software. SPIONs 
solutions were placed in a disposable plastic cuvette, followed by collecting experimental data automatically. 
For each measurement, 20 cycles were collected, and at least 3 independent measurements were performed for 
each sample. 
Attenuated total reflectance Fourier transformed infrared spectra measurements (ATR-FTIR) 
ATR-FTIR was performed on a Spectrum RX1 FTIR Spectrometer (Perkin Elmer, USA), in the frequency 
range 4000-400 cm-1 with a resolution of 4 cm-1. All SPIONs samples were isolated from the solution by 
centrifugation, dried completely in the oven and placed on the crystal surface of the ATR-FTIR machine for 
measurements.   
TEM 
Size distribution, morphology and diffraction patterns of C-SPIONs and T-SPIONS were collected in JEOL 
JEM-1210 electron microscope at an operating voltage of 120 KV. TEM samples were prepared by placing one 
drop of the corresponding SPIONs dispersion on the copper grid for few seconds, blotting the copper grid with 
a filter paper and evaporate it completely at room temperature. Typically, about 200 to 300 different SPIONs 
were counted to depict the size distribution and the mean size of SPIONs.   
Cryo-TEM  
Samples for Cryo-TEM were prepared according to the method described by Hondow. (Hondow et al. 2012). 
Briefly, 3 µL of 50 µg/mL BSA-C-SPIONs (diluted 20 times in MQ H2O) was placed on a glow discharge-
treated carbon support film (R1.2/1.3 Quantifoil Micro Tools GmBH), blotted and plunge freezed in liquid 
nitrogen, then samples were subsequently transferred to a Gatan 626 cryo-holder stored in liquid nitrogen. 
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Cryo-TEM measurement was performed on a JEOL 2011 electron microscope at a temperature of about -170 oC 
and 200 kv acceleration voltage.  
 
Negative staining TEM 
Adsorption of BSA on T-SPIONs and C-SPIONs were visualized by performing negative staining TEM. (Ye et 
al. 2006) Briefly, BSA-T-SPIONs or BSA-C-SPIONs were purified from the excess BSA solution by 
centrifugation at 10000 rcf for 3h and redispersed in MQ H2O. (Casals et al. 2010) Then one drop of the 
purified BSA-C-SPIONs was placed on a carbon-caoted grid and then drained off with filter paper. 
Subsequently, 5 µL of 2% uranyl acetate was placed on the grid for 1 min before drained off. The grid was then 
placed in a 2011 JEOL electron microscope.  
 
Results and discussion 
Synthesis and characterization of C-SPIONs and T-SPIONs 
In the present work, C-SPIONs were synthesized for the first time by a facile, rapid, cost effective and 
energetically favorable microwave assisted method, modifying the previously reported for T-SPIONs (Pascu et 
al. 2012). In this method, bare SPIONs were first synthesized in benzyl alcohol by a single step microwave 
heating method, followed by coating the SPIONs surface with citrate and TMAOH ligands, respectively. 
  Fig.1a show representative TEM images of the as-synthesized spherical T-SPIONs and C-SPIONs. Particle 
size histograms of T-SPIONs and C-SPIONs (Fig. 1b) indicate the high monodispersity of both SPIONs, with 
an identical SPIONs core of 6 ± 1 nm. Selected area electron diffraction (Fig. 1c) reveal the crystallinity of both 
SPIONs. The electron diffraction rings correspond to (220), (311), (400), (422), (511) and (440) planes, and 
they indicate the inverse spinel structure (magnetite, maghemite) of C-SPIONs and T-SPIONs. DLS intensity-
weighted size distributions further evidenced the monodispersity of SPIONs (Fig. 1d), with Dh of about 26 ± 1 
nm for T-SPIONs and 14 ± 1 nm for C-SPIONs. Zeta potential values for T-SPIONS and C-SPIONS are -54 
mV and -36 mV, respectively (see Supporting Information Table S1 and Table S2), indicating both T-SPIONs 
and C-SPIONs are charged negative.  
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Fig. 1  (a) TEM images, (b) particle size histogram, (c) electron diffraction and (d) DLS intensity-weighted size 
distribution of T-SPIONs and C-SPIONs. 
 
FTIR spectrum of T-SPIONs and C-SPIONs present adsorption bands at 620 cm-1 and 635 cm-1, respectively 
(Fig. 2A-c and 2B-c), these bands are attributed to the Fe-O stretching vibration, evidencing the existence of 
magnetite (Namduri and Nasrazadani 2008). Typical band for TMAOH at 944 cm-1 (Fig 2A-a), characteristic of 
the asymmetric methyl deformation mode of C-N on TMAOH (Ouasri et al. 2002), was found to shift to 975 
cm-1 (Fig. 2A-c), indicating the existence of TMAOH on T-SPIONs. Peaks at 1570 cm-1 and 1450 cm-1 (Fig. 
2B-a) are characteristic of the RCO2 symmetric and asymmetric stretches (Sasidharan et al. 2013), though both 
peaks show a slight shift from 1579 cm-1 and 1415 cm-1 (Fig 2B-c), respectively, suggesting citrate ligand is 
present on the SPIONs surface.  
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Fig. 2   (A) FTIR spectrum of (a) TMAOH, (b) BSA, (c) T-SPIONs and (d) BSA-T-SPIONs; (B) FTIR 
spectrum of (a) Na3Cit, (b) BSA, (c) C-SPIONs and (d) BSA-C-SPIONs. 
 
Stability of T-SPIONs and C-SPIONs in biological media 
In the present investigation, stability of T-SPIONs and C-SPIONs were assessed in biologically relevant media, 
PBS, RPMI and DMEM, at a SPIONs concentration of 50μg/mL. We chose PBS, RPMI and DMEM since they 
are media extensively used in in vitro toxicity and stability assays of SPIONs and differ significantly in their 
ionic strength and salt content like Ca2+ and Mg2+. The salt content in terms of Ca2+ concentration, for example, 
follows the order of PBS < RPMI < DMEM, with a value of 0 mM, 0.4 mM and 1.8 mM, respectively (Lee et 
al. 2002). 
Fig. 3 shows the Dh evolution of T-SPIONs and C-SPIONs in H2O and different biological media as a 
function of time. Both SPIONs show good stability in H2O since Dh doesn’t change up to 3 months (data not 
shown), this is attributed to the highly negative charged surface of both SPIONs. When incubated in 
biologically relevant media, however, T-SPIONs destabilized and precipitated rapidly (Fig. 3a). In all the cases, 
a similar behavior is observed. Dh of T-SPIONs in RPMI, for instance, goes up sharply from 25 nm to about 
2800 nm in 2 min, and subsequently T-SPIONs precipitated. Moreover, the addition of 10% FBS to RPMI and 
DMEM media could not prevent the sedimentation of T-SPIONs, as Dh of T-SPIONs in RPMI-FBS and 
DMEM-FBS shows an increase within 10 min. Consistent with the dramatic increase in Dh, significant 
decrease in diffusion coefficient, obvious increase in zeta potential (ζ) and electrophoretic mobility (EPM) were 
also detected (Supporting Information Table S1), confirming the destabilization of T-SPIONs in these media. 
On the other hand, C-SPIONs displayed a different aggregation behavior in these biological media. C-SPIONs 
show excellent stability in PBS and RPMI, as Dh remains unchanged up to 24h (Fig. 3b). C-SPIONS in 
4000 3500 3000 2500 2000 1500 1000 500
975
620
620
1409
1518
1639
944
975139415211636
(d) BSA-T-SPIONs
(c) T-SPIONs
(b) BSA
Tr
an
sm
itt
an
ce
 [%
]
Wavelength [cm-1]
(a) TMAOH(A)
4000 3500 3000 2500 2000 1500 1000 500
14501570
623
623
1517
1639
1415
1579
14501512
(d) BSA-C-SPIONs
(c) C-SPIONs
(b) BSA
Tr
an
sm
itt
an
ce
 [%
]
Wavelength [cm-1]
(a) Na3Cit(B)
1634
11 
 
DMEM, unfortunately, just show a transient stability. Dh unchanged in the first initial 1h, although increased 
rapidly to about 250 nm in the following 1h, and reached up to 2800nm in 4h. In RPMI-FBS and DMEM-FBS, 
Dh of C-SPIONs show a slight increase in the initial 30 min and remains flat in the later time, also suggesting 
the good stability of C-SPIONs in the serum containing media, the slight increase in both cases could be 
interpreted as the adsorption of serum proteins on the surface of C-SPIONs. Changes in diffusion coefficient, 
zeta potential (ζ) and EPM (Supporting Information Table S2) further confirm these findings.  
 
Fig. 3   Stability of (a) T-SPIONs and (b) C-SPIONs in H2O, PBS, RPMI-FBS and DMEM-FBS in terms of Dh 
as a function of time. 
 
From the above results, we can see clearly that C-SPIONs show better stability than T-SPIONs in biological 
media, then it could be concluded that surface coating greatly influences the stability of SPIONs in these media. 
Although both T-SPIONs and C-SPIONs show highly negative charged surface, the adsorption mechanism of 
TMAOH and citrate ligands on SPIONs surface are quite different. For T-SPIONs, TMAOH cations adsorb 
onto SPIONs surface through electrostatic interaction and this results in an electrostatic double layer which 
provide stability for SPIONs in aqueous solution (Euliss et al. 2003). However, this electrostatic double layer 
can be easily disassembled by the species in biological media like salts and biomolecules. As for C-SPIONs, the 
three carboxylate groups of citrate ligand have strong coordination affinity to Fe(III) ions, some of the 
carboxylate groups strongly coordinate to SPIONs surface, the rest carboxylate groups extend into the water, 
providing a more robust coating and higher stability to SPIONs in H2O and even in some complex media like 
PBS and RPMI (Nigam et al. 2011).  
The stability and aggregation behavior of SPIONs in biological media was reported to be not only dependent 
on the SPIONs surface coating, but also on the nature of the surrounding media (Petri-Fink et al. 2008; 
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Eberbeck et al. 2010). Some research reported that NPs aggregate and sediment immediately when exposed to 
biological media (Wells et al. 2012; Allouni et al. 2009; Geppert et al. 2012), where high ionic strength was 
considered an important factor to cause the NPs aggregation. When NPs are in contact with these media, 
surface charges on their surface were suppressed by the high ionic strength of salts presented in these media, 
decreasing the electrostatic repulsion significantly and subsequently precipitating the NPs (Casals et al. 2010; 
Wiogo et al. 2012). In particular, Safi M. and coworkers found that the divalent calcium and magnesium cations 
presenting in the cell media significantly reduce the stability of the C-SPIONs through the complex reaction 
with the citrate ligands (Safi et al. 2011). Similar significant aggregation phenomenon happened to our 
synthesized T-SPIONs in biological media and C-SPIONs in DMEM, despite the highly negatively charged 
surface of both T-SPIONs and C-SPIONs. This suggests that the surface coating of C-SPIONs and T-SPIONs 
are not enough to maintain their stability when exposed to biologically relevant media with high salts content, 
which could in turn limit their biological applications. Thus, improvement of the stability of SPIONs in 
biologically relevant media is of significant importance. 
Stabilization of T-SPIONs and C-SPIONs in biological media with a pH adjusted and BSA adsorption 
protocol 
To improve further the stability of T-SPIONs in biological media and C-SPIONs in DMEM, we adsorbed BSA 
to the SPIONs. The adsorption of BSA on NPs surface could offer higher stability and biocompatibility rather 
than using strategies as poly (methyl methacrylate) (PMMA), PEI or other organic layers (Khullar et al. 2012; 
Dominguez-Medina et al. 2013). In particular, a modified pH adjusted and BSA adsorption protocol based on 
that proposed by Guiot (Guiot and Spalla 2012) was used in this work to modify the T-SPIONs and C-SPIONs.   
    The protocol presented by Guiot et al (Guiot and Spalla 2012) was in fact based on the colloidal stability 
theory, in particular the DLVO theory, which indicates electrostatic repulsion force, rather than Van der Waals 
attraction force is responsible for the colloidal stability of NPs dispersions. In other words, once the 
electrostatic repulsion increased, the stability of the NPs dispersions improved. Following this principle, we 
first adjusted the pH of SPIONs at 11 where SPIONs and BSA exhibit a net charge of identical sign, and then 
we added BSA to the SPIONs dispersion. BSA with a negative net charge at pH 11 can still be attached to the 
negative charge NPs due to the intrinsic amphiphilic character of the protein as reported previously. (Brewer et 
al. 2005; Wiogo et al. 2012) The addition of enough BSA in the SPIONs solutions, allows the coverage of the 
SPIONs while maintaining its stability. The BSA coverage avoids the aggregation of the SPIONs solutions once 
we change the solutions to physiological pH. (Dominguez-Medina et al. 2013)   
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The pH of the synthesized C-SPIONs was first adjusted to 11 by adding 0.1 M NaOH (pH of synthesized T-
SPIONs was already 11).At pH 11, the zeta potential measurement of BSA and C-SPIONs decreased from - 22 
mV (pH 7.4) to -28 mV and -36 mV (pH 8.3) to -42 mV respectively. Then, SPIONs dispersions were 
incubated with BSA solution for 10 min, and then pH of the mixture was adjusted to the physiological value of 
7.4. BSA-T-SPIONs and BSA-C-SPIONs dispersions prepared are extremely stable due to the electrostatic 
repulsion among them and the BSA coverage on the SPIONs surface.  
50µL of the obtained BSA-T-SPIONs and BSA-C-SPIONs (1mg/mL) were diluted 20 times in water to a 
final concentration of 50µg/mL and their stability was monitored by DLS over 24h. DLS intensity-weighted 
size distributions (Supporting Information Fig. S1a and Fig. 4a), Dh, diffusion coefficient and diffusion time 
remain unchanged over 24h (Supporting Information Table S3 and Table S4), implying high stability of the 
prepared BSA-T-SPIONs and BSA-C-SPIONs dispersions over time. In the DLS measurement there is no peak 
observed at 8nm, from the excess of BSA, confirming that the 20 times dilution decreases the BSA content in 
the samples. Different literature suggest the existence of two layers contributing to the stabilization of NPs with 
BSA: the hard protein corona, strongly interacting with the NPs´surface and the soft protein corona, BSA 
molecules loosely bounded to the BSA-NPs. (Casals et al. 2010). Therefore the dilution of our samples and the 
excess of the BSA could contribute to the stabilization of the NPs. Cryo-TEM is a potential technology that 
provides a representative view of the real dispersing state of NPs in solution, therefore, Cryo-TEM 
measurements were also performed to reveal the stability of the obtained BSA-C-SPIONs, as it is shown in Fig. 
4b. BSA-C-SPIONs exist in the solution as small aggregates but well separated from each other, suggesting the 
well dispersing state of BSA-C-SPIONs in solution even after 24h incubation, this might due to the electrostatic 
repulsion provided by their negative charged surfaces.  
 
Fig. 4     (a) DLS intensity-weighted size distributions of C-SPIONs (control) and the prepared BSA-C-SPIONs 
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at an evaluated time of 1h, 4h, 6h, and 24h in water; (b) Cryo-TEM image of the prepared BSA-C-
SPIONs after 24h preparation in water. 
To test the practical effect of our protocol, we evaluated the stability of BSA-T-SPIONs and BSA-C-SPIONs 
in PBS, RPMI and DMEM. Firstly, they were diluted 20 times to a final BSA-SPIONs concentration at 
50µg/mL with the appropriate media and we monitored their aggregation evolution using DLS over 24h. BSA-
T-SPIONs and BSA-C-SPIONs are well dispersed and stable in PBS, without any increase in Dh observed over 
the tested period, as well as the diffusion coefficients and diffusion times (Fig. 5a, Supporting Information Fig. 
S1b, Fig. S2a, Table S5 and S6). 
Stability of BSA-T-SPIONs and BSA-C-SPIONs 50µg/mL solutions in RPMI and DMEM, which have 
higher salt content compared to PBS, was tested. Intensity-weighted size distributions of BSA-T-SPIONs in 
RPMI and DMEM show a gradual shift toward larger size as incubation time increased, Dh increases from 24 
nm to 100 nm in RPMI over 24h and to 220 nm in RPMI (Supporting Information Fig. S1c and S1d). The 
increase in Dh is also confirmed by the decrease diffusion coefficient and the increased diffusion time 
(Supporting Information Table S7 and S8). Although BSA-T-SPIONs increased in size in RPMI and DMEM, 
the present size is still desirable for in vitro toxicity studies when compared to the rapid and significant 
aggregation behavior of the synthesized T-SPIONs in the same media. Moreover, no sedimentation appeared in 
24h for BSA-T-SPIONs in both media (Supporting Information Fig. S2a). 
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Fig. 5   DLS intensity-weighted size distributions of C-SPIONs (control) and BSA-C-SPIONs in (a) PBS; (b) 
RPMI; (c) DMEM; (d) RPMI-FBS and (e) DMEM-FBS at an evaluated time of 1h, 4h, 6h, and 24h. 
As expected, BSA-C-SPIONs remain extremely stable in RPMI and DMEM even after 24h incubation. 
Intensity-weighted size distributions of BSA-C-SPIONs in RPMI as a function of time superimposed to each 
other (Fig. 5b), diffusion coefficient and diffusion time also kept unchanged (Supporting Information Table S9), 
indicating the identical distribution of the BSA-C-SPIONs in 24h. Dh of BSA-C-SPIONs in DMEM only 
increased few nanometers (Fig. 5c), whereas synthesized C-SPIONs show dramatic aggregation, implying the 
robustness of the pH adjusted and BSA adsorption protocol. Slight changes in diffusion coefficient and 
diffusion time are found for BSA-C-SPIONs in DMEM, confirming the excellent stability. (Supporting 
Information Table S10) 
Media for cell culture are always supplemented with serum proteins, therefore we further tested the stability 
of BSA-T-SPIONs and BSA-C-SPIONs under serum conditions, RPMI-FBS and DMEM-FBS respectively. In 
all these cases, DLS intensity-weighted size distributions as a function of time exhibit minor shifts in Dh, as 
well as slight changes in diffusion coefficient and diffusion time, which clearly precludes the possibility of 
aggregation or sedimentation of BSA-T-SPIONs and BSA-C-SPIONs in these media (Fig. 5d and 5e, 
Supporting Information Fig. S1e, S1f, S2a, Table S11, S12, S13 and S14). 
In the present investigation, we also found that to endow SPIONs dispersions with sufficient stability in the 
biological media, the necessary concentration of BSA in the protocol varied significantly (Table 1). For both 
SPIONs, the necessary concentration of BSA followed the order of in DMEM > RPMI > PBS > RPMI-FBS and 
DMEM-FBS. We attribute this to the different compositions of these tested media. As mentioned before, the 
salt content in terms of Ca2+ concentration follows the order of PBS < RPMI < DMEM (Mg2+ concentration 
also follows the same order) and it is the divalent calcium and magnesium cations in biological media that are 
reported to mainly cause the SPIONs aggregation though interacting with the surface coating on the SPIONs 
surface. BSA added to the SPIONs dispersions could complex with these divalent cations, protecting the 
SPIONs surface by screening these divalent cations from interacting directly with the SPIONs surface, thus 
keep the SPIONs stable in the tested media. Hence, in biological media with higher concentration of divalent 
cations, it is expected that the amount of BSA needed should be also higher. For this reason, the amount of BSA 
needed is the highest in DMEM, followed by RPMI and PBS. Furthermore, Ji et al. (Ji et al. 2010) found that 
compositions in FBS, like globulin and transferrin, exhibit a synergistic effect on stabilizing the NPs 
dispersions with BSA. Therefore, in RPMI-FBS and DMEM-FBS, FBS itself served as the additional stable 
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reagent in addition to BSA, thus the necessary concentration of BSA is the least compared to those media in the 
absence of 10% FBS. The amount of FBS is clearly detected in the DLS intensity-weighted size distributions in 
Fig. 5d and Fig. 5e. 
 
Table 1 The necessary concentration of BSA needed for T-SPIONs and C-SPIONs in different media by using 
the pH adjusted and BSA adsorption protocol. 
 
Moreover, we observed that in all the tested media, the necessary concentration of BSA needed for C-
SPIONs is always lower than that for T-SPIONs. We relate this to the different surface coating of C-SPIONs 
and T-SPIONs. As it was concluded before, citrate ligands exhibit stronger ability of resisting against high salt 
and high ionic strength than TMAOH. Previous studies also revealed that nonspecific binding of BSA to self-
assembled monolayers following the order of hydrophobic > COO- > NH3+ > OH- > ethylene glycol (Nakata et 
al. 1996; Moulin et al. 1999), which indicates BSA has a preference and a higher affinity for binding to SPIONs 
surface with citrate ligands (with three COO- groups per molecule) than those with TMAOH coating (with one 
OH- per molecule). As a result, more BSA is envisaged to bind more effectively on C-SPIONs than on T-
SPIONs under the same BSA concentration. For those reasons, using less BSA and we could get the same or 
even better stability of C-SPIONs in biological media than T-SPIONs.  
Stabilization of C-SPIONs and T-SPIONs in biological media by adding excess Na3Cit 
As a comparison, addition of excess Na3Cit to enhance the stability of the T-SPIONs and C-SPIONs in 
biological media was also used, because some researches indicated its enhancing effects (Euliss et al. 2003; 
Luciani et al. 2009). Briefly, a solution of 50 µg/mL SPIONs in biological media and with a 10 mM Na3Cit 
were prepared and their stability was monitored by DLS over 24h. Results show that adding 10 mM excess 
Na3Cit could not prevent the aggregation of T-SPIONs in all of the tested media, T-SPIONs destabilized and 
precipitated in 1h (Supporting Information Fig S2b). While stability of C-SPIONs was maintained in 24h by 
adding 10 mM excess Na3Cit in DMEM as well as in the other media (Fig. 6). Dh doesn't show any increase in 
PBS-Na3Cit within 24h, only slight increase in RPMI-Na3Cit and DMEM-Na3Cit was found. In RPMI-FBS-
SPIONs PBS RPMI DMEM RPMI-FBS DMEM-FBS
T-SPIONs 2 10 15 1 1
C-SPIONs 1 2 5 0.5 0.5
Concentration of BSA needed (w/v %)
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Na3Cit and DMEM-FBS-Na3Cit, Dh increase to about 35 nm in the initial 1h, and kept unchanged in the 
following 24h. The increase in Dh during the beginning 1h is due to the formation of protein corona on C-
SPIONs surface, demonstrated by Walczyk (Walczyk et al. 2010) who described that protein corona on NPs 
surface formed in a relatively stable manner over a period of one hour.  
 
 
Fig. 6  Graph showing the changes in hydrodynamic size of C-SPIONs in PBS-Na3Cit, RPMI-Na3Cit, DMEM-
Na3Cit, RPMI-FBS-Na3Cit and DMEM-FBS-Na3Cit at an evaluated time of 24h. 
 
In summary, the modified pH adjusted and BSA adsorption protocol shows excellent prospect in preparing 
extremely stable SPIONs dispersions in several biologically relevant media, which are desirable for reliable in 
vitro and in vivo toxicity assessments. Although, the addition of excess Na3Cit could prevent C-SPIONs from 
aggregation in DMEM and other media, the stabilization effect is limited. Moreover, high concentration of 
Na3Cit in biological media is reported to produce risky effects to the growth of the cells (Freese et al. 2012; 
Uboldi et al. 2009). Therefore, the modified BSA adsorption and pH adjusted protocol seems a general and 
more suitable method to improve the stability of SPIONs in biological media. 
Characterization of BSA layer on C-SPIONs and T-SPIONs 
We further characterized the binding mechanism of the BSA layer on T-SPIONs and C-SPIONs surface and the 
interaction mechanism of SPIONs and BSA. Fig. 7a shows the changes in Dh of T-SPIONs and C-SPIONs 
before and after performing the pH adjusted BSA adsorption protocol. Diluted BSA-T-SPIONs shows 5 nm 
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increase in Dh and 6 nm for diluted BSA-C-SPIONs. The dimension of BSA is reported to be (8 ×8 × 8 ×3.4 
nm) as a triangular equilateral prism (He and Carter 1992), the increase of Dh for both SPIONs after using the 
protocol just corresponds to the shorter dimension of BSA, therefore, we conclude that a BSA monolayer was 
formed on both SPIONs surface in the form of triangular base. The result obtained here is in agreement with 
previous findings using BSA as a model protein and Au NPs as model NPs (Dominguez-Medina et al. 2013; 
Kohli et al. 2013). To provide clearer evidence of the formed BSA monolayer on SPIONs surface, we present 
negative staining TEM data for the purified BSA-T-SPIONs and BSA-C-SPIONs in water. Representative 
negative staining TEM images (Fig. 7c and 7d) show clear evidence of this BSA monolayer, which completely 
covers the both SPIONs surface. Moreover, after measuring the thickness of these images, an increase in 
diameter of 6±1 nm was computed, which is consistent with the data obtained by DLS, suggesting a BSA 
monolayer with thickness about 3nm was formed on T-SPIONs and C-SPIONs surface. 
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Fig. 7     (a) Hydrodynamic size and (b) zeta potential of T-SPIONs, BSA-T-SPIONs, C-SPIONs and BSA-C-
SPIONs. Negative staining TEM images of (c) BSA-T-SPIONs and (d) BSA-C-SPIONs. 
 
The formation of protein corona on SPIONs surface will likely change their zeta potential and the isoelectric 
point (IEP) (Natte et al. 2013), thus the change in zeta potential of C-SPIONs and T-SPIONs before and after 
performing the protocol should also evidence the BSA adsorption on their surface. The zeta potential value of 
T-SPIONs and C-SPIONs (-54 mV and -42mV, respectively) increased to -24 mV and -22 mV for BSA-T 
SPIONs and BSA-C-SPIONs respectively (Fig. 7b).  
Recent studies on the interaction of Au NPs and BSA revealed two possible mechanisms：1) strong binding of 
BSA to Au NPs due to the electrostatic attraction between positive residues of BSA and negative charged 
surface coating on Au NPs surface (Sen et al. 2011) and 2) the surface coating on Au NPs is removed by BSA 
upon absorption, amino acids on BSA, in particular cysteine, bind directly to the Au NPs surface (Brewer et al. 
2005). To the best of our knowledge, the interaction mechanism of BSA and SPIONs is still poorly understood. 
FTIR confirmed the BSA coverage on T-SPIONs and C-SPIONs surfaces and their interaction.. BSA-T-
SPIONs and BSA-C-SPIONs were separated from the excess BSA solution by centrifugation at 10000 rcf for 
3h (under which condition excess BSA have been proved not to be centrifuged down (Casals et al. 2010)), dried 
completely and then FTIR spectra were collected. Spectra of BSA-T-SPIONs and BSA-C-SPIONs show clearly 
two adsorption bands at wavelength around 1635 cm-1 and 1515 cm-1 (Fig. 2A-d and Fig. 2B-d), which are 
characteristic of amide I and amide II bonds of proteins, further confirming the formation of BSA layer on the 
surface of BSA-T-SPIONs and BSA-C-SPIONs. Moreover, FTIR spectrum could help us reveal the binding 
mechanism of BSA onto SPIONs surface. FTIR spectrum of BSA-T-SPIONs (Fig. 2A-d) shows an adsorption 
band at 975 cm-1, this band is assigned to the asymmetric methyl deformation mode C-N on TMAOH (Ouasri et 
al. 2002), though with 30 nm shift from 944 cm-1. Another band also appears at 1394 cm-1 (Fig. 2A-d), 
characteristic of the asymmetric methyl deformation mode of -(CH3) on TMAOH (Andrade et al. 2012). These 
results indicate that TMAOH ligands still exist on BSA-T-SPIONs, implying that the binding of BSA to T-
SPIONs surface is through interactions with the TMAOH layer, instead of replacing it. The FTIR spectrum of 
BSA-C-SPIONs present an absorption band at 1450 cm-1  (shifts from 1415 cm-1 Fig. 2B-d), characteristic of 
asymmetric stretches of RCO2 of Na3Cit (Sasidharan et al. 2013), suggesting the existence of citrate ligands on 
BSA-C-SPIONs. The disappearance of absorption bands at 1579 cm-1 of Na3Cit and band shift from 1415 cm-1 
to 1450 cm-1  imply strong interaction of citrate group with BSA. 
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Therefore, we concluded that interaction between BSA and surface coating of SPIONs results in the 
formation of BSA monolayer on SPIONs. The additional BSA monolayer maintains the electrostatic repulsion 
force and the steric hindrance between each SPIONs and hence protecting them from aggregating in biological 
media.  
Conclusion 
The present work provides a facile, rapid and cost effective microwave assisted method to synthesize C-
SPIONs with robust stability in biological media for the first time. Although with an identical SPION core, the 
distinct behavior of T-SPIONs and C-SPIONs in biological media implies that surface coating of SPIONs plays 
a very important role in determining their stability.  
The use of BSA showed great efficiency in enhancing the stability of both T-SPIONs and C-SPIONs in 
several biological media, while the addition of excess Na3Cit was only suitable for C-SPIONs. The necessary 
BSA concentration to provide sufficient stability to both SPIONs in biological media depended on the nature of 
the tested media, as well as the surface coating of SPIONs. FTIR, Cryo TEM and negative staining TEM reveal 
that BSA binds to T-SPIONs and C-SPIONs by interacting with TMAOH and citrate coating, forming a BSA 
monolayer with a thickness of about 3±1 nm on both SPIONs. Likely, the additional BSA monolayer preserves 
the electrostatic repulsion force among the SPIONs while increasing the steric hindrance between SPIONs, 
preventing their aggregation in biological media. 
This work provides a reference for preparing stable SPIONs dispersion used for biological applications, 
which could lead to the development of reliable in vitro SPIONs toxicity assessments and accurate evaluation 
of SPIONs dosage needed for in vivo treatment. 
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Figure Legends: 
Fig. 1  (a) TEM images, (b) particle size histogram, (c) electron diffraction and (d) DLS intensity-weighted size 
distribution of T-SPIONs and C-SPIONs. 
Fig. 2   (A) FTIR spectrum of (a) TMAOH, (b) BSA, (c) T-SPIONs and (d) BSA-T-SPIONs; (B) FTIR 
spectrum of (a) Na3Cit, (b) BSA, (c) C-SPIONs and (d) BSA-C-SPIONs. 
Fig. 3   Stability of (a) T-SPIONs and (b) C-SPIONs in H2O, PBS, RPMI-FBS and DMEM-FBS in terms of Dh 
as a function of time. 
Fig. 4     (a) DLS intensity-weighted size distributions of C-SPIONs (control) and the prepared BSA-C-SPIONs 
at an evaluated time of 1h, 4h, 6h, and 24h in water; (b) Cryo-TEM image of the prepared BSA-C-
SPIONs after 24h preparation. 
Fig. 5   DLS intensity-weighted size distributions of C-SPIONs (control) and BSA-C-SPIONs in (a) PBS; (b) 
RPMI; (c) DMEM; (d) RPMI-FBS and (e) DMEM-FBS at an evaluated time of 1h, 4h, 6h, and 24h. 
Fig. 6    The changes in hydrodynamic size of C-SPIONs in PBS-Na3Cit, RPMI-Na3Cit, DMEM-Na3Cit, RPMI-
FBS-Na3Cit and DMEM-FBS-Na3Cit at an evaluated time of 24h. 
Fig. 7     (a) Hydrodynamic size and (b) zeta potential of T-SPIONs, BSA-T-SPIONs, C-SPIONs and BSA-C-
SPIONs; negative staining TEM images of (c) BSA-T-SPIONs and (d) BSA-C-SPIONs. 
Table 1 The necessary concentration of BSA needed for T-SPIONs and C-SPIONs in different media by using 
the pH adjusted and BSA adsorption protocol 
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Fig. 1  (a) TEM images, (b) particle size histogram, (c) electron diffraction and (d) DLS intensity-weighted size 
distribution of T-SPIONs and C-SPIONs. 
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Fig. 2   (A) FTIR spectrum of (a) TMAOH, (b) BSA, (c) T-SPIONs and (d) BSA-T-SPIONs; (B) FTIR 
spectrum of (a) Na3Cit, (b) BSA, (c) C-SPIONs and (d) BSA-C-SPIONs. 
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Fig. 3   Stability of (a) T-SPIONs and (b) C-SPIONs in H2O, PBS, RPMI-FBS and DMEM-FBS in terms of Dh 
as a function of time. 
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Fig. 4     (a) DLS intensity-weighted size distributions of C-SPIONs (control) and the prepared BSA-C-SPIONs 
at an evaluated time of 1h, 4h, 6h, and 24h in water; (b) Cryo-TEM image of the prepared BSA-C-
SPIONs after 24h preparation. 
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Fig. 5   DLS intensity-weighted size distributions of C-SPIONs (control) and BSA-C-SPIONs in (a) PBS; (b) 
RPMI; (c) DMEM; (d) RPMI-FBS and (e) DMEM-FBS at an evaluated time of 1h, 4h, 6h, and 24h. 
 
 
 
  
1 10 100 1000 10000
0
2
4
6
8
10
12
14
16
18
 
 
In
te
ns
ity
 [%
]
Size distribution [nm]
 control
 1h
 4h
 6h
 24h
(a)
1 10 100 1000 10000
0
2
4
6
8
10
12
14
16
18
 
 
In
te
ns
ity
 [%
]
Size distribution [nm]
 control
 1h
 4h
 6h
 24h
(b)
1 10 100 1000 10000
0
2
4
6
8
10
12
14
16
18
 
 
In
te
ns
ity
 [%
]
Size distribution [nm]
 control
 1h
 4h
 6h
 24h
(c)
1 10 100 1000 10000
0
2
4
6
8
10
12
14
16
18
 
 
In
te
ns
ity
 [%
]
Size distribution [nm]
 control
 1h
 4h
 6h
 24h
(e)
1 10 100 1000 10000
0
2
4
6
8
10
12
14
 
 
In
te
ns
ity
 [%
]
Size distribution [nm]
 control
 1h
 4h
 6h
 24h
(d)
32 
 
Fig. 6    The changes in hydrodynamic size of C-SPIONs in PBS-Na3Cit, RPMI-Na3Cit, DMEM-Na3Cit, RPMI-
FBS-Na3Cit and DMEM-FBS-Na3Cit at an evaluated time of 24h. 
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Fig. 7     (a) Hydrodynamic size and (b) zeta potential of T-SPIONs, BSA-T-SPIONs, C-SPIONs and BSA-C-
SPIONs; negative staining TEM images of (c) BSA-T-SPIONs and (d) BSA-C-SPIONs. 
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Table 1 The necessary concentration of BSA needed for T-SPIONs and C-SPIONs in different media by using 
the pH adjusted and BSA adsorption protocol 
 
 
 
 
SPIONs PBS RPMI DMEM RPMI-FBS DMEM-FBS
T-SPIONs 2 10 15 1 1
C-SPIONs 1 2 5 0.5 0.5
Concentration of BSA needed (w/v %)
